I. Introduction
Most model parameterizations of the surface momentum, sensible heat and latent heat fluxes, and many field and remote sensing techniques to measure them, rely on Monin-Obukhov similarity theory (e.g., Brutsaert, 1982; Stull, 1988) . In the case of momentum, the similarity equation is expressed, u(z) (1) where u(z) is the surface layer wind speed at height z, u. is the friction velocity, k is von Karman's constant, and _(_) is the adjustment function due to stability. The momentum roughness length, Zo, is conceived as the zero velocity intercept of the vertical mean wind profile.
The zero plane displacement height, do, is an elevation adjustment due to the conceptual vertical shift of the logarithmic profile in the presence of the roughness elements.
Analogous similarity expressions are used for the sensible heat flux in terms of Zoh, the roughness length for sensible heat, and the latent heat flux in terms of Zov, the roughness length for water vapor.
Numerical atmospheric simulation models used today for short-term operational weather forecasting including mesoscale models, or long-term climate analysis including general circulation models, employ some form of the above similarity equations.
In order to run the models, roughness lengths are prescribed for each grid box in the domain prior to the simulation. However, since roughness data are not readily available at that resolution, values are assigned by associating roughness with vegetation type or land classification using look-up tables (e.g., Grell et. al., 1994) . In the case of most operational general circulation models, Zo, Zoh, and Zov are assigned the same value despite evidence to the contrary(e.g. BrutsaertandSugita,1992) .The methodusuallyinvolvesthe useof climatic landclassificationvaluesthatvary only ona seasonal basisbut donot changefrom yearto
year.
Thereasonfor the aboveapproachliesin thedifficulty in estimatingroughness.
Theoretically, Zoanddo areindependent of flow andonly a functionof thegeometryof the surface (Brutsaert,1982; MonteithandUnsworth,1990) .While analyticalformulasand numericalstudieshavebeenpresented basedon dragexpressions (e.g. Lettau, 1969; Mason,1988; Seginer,1974; ShawandPereira,1982; Raupach,1992 ,Wooding et. al., 1973 seesummaryby Brutsaert,1982) ,they requireknowledgeof meansurface characteristics suchasheight,frontal area,surfacedensity,andsurfacegeometry.For vegetated surfacesin particular,key variablesarethe meancanopyheight,frontal surface areaandthemeanplantdensity. Unfortunately, thosecharacteristics aregenerally unknown,especiallyfor naturalregionswhereplantsarerandomlydispersed, thatprecludes applicationof theaboveformulas.
Practically,Zoanddo for variouslandsurfacegeometriesarebestdeterminedfrom sitespecificfield experiments from the analysisof flux-profile measurements duringneutral conditions,a methodthatrequiressubstantial investmentin manpower, time,and instrumentation. Overtime,valueshavebeentabulatedfor a wide rangeof representative surfaces(e.g., Brutsaert,1982; Stull, 1988 1984; Tucker et. al., 1983; Asrar et. al., 1984; Huete, 1988) , although sensitivity studies have shown their limitations (Jasinski, 1990; Huete and Liu, 1994) . Other investigators have modeled the radiation physics through the plant canopy (e.g. Ross, 1981; Myneni et al., 1989 ; also see summary in Asrar, 1989) .
However, that approach is often constrained by the relatively large number of model parameters, especially in heterogeneous regions.
The inversion of geometric canopy reflectance models using satellite multispectral imagery has provided a practical approach for investigating regional vegetation variability, and a possible avenue for characterizing roughness.
Plants are conceived as randomly distributed, three-dimensional elements superposed on a flat surface (Li and Strahler, 1985) , with only a few key bulk plant parameters, often in non-dimensional form (Jasinski and Eagleson, 1990) . The approach has successfully provided estimates of fractional cover and LAI over forested and semiforested landscapes using satellite imagery (Li and Strahler, 1985; Franklin and Strahler, 1988; Jasinski, 1996) . It is especially applicable in natural regions where the canopy cover often is spatially random.
Since the method relies on the characterization of the bulk canopy geometry, it offers an opportunity for estimating the local aerodynamic roughness that also is a function of those same physical properties.
Background

Parameterization of zo and do in terms of plant frontal area density
One analytical approach for parameterizing the local momentum roughness length in terms of geometric canopy parameters is that by Raupach (1992 Raupach ( , 1994 . Using dimensional analysis and physical hypotheses on the partitioning of surface stress, he derived an expression for zo/h in terms of the drag on the roughness elements and on the underlying surface.The parameterization provides"arelatively simpleunified theory" (Mahrt, 1996) for turbulenttransportwithin canopies.
A key plantparameter is thefrontalareaindex or density,k, defined as the ratio of 
where Uh is the velocity at the top of the canopy, Wh is a velocity profile adjustment, and the remaining terms are as defined above. 
where Cdl is derived from a wide range of laboratory and field data. The equation is designed to approach the proper limits as A approaches zero and infinity.
Geometric canopy model for natural or randomly distributed plants
The geometric model, shown in Figure 1 , is characterized by both its shape and its spatial distribution. Spatially,the modelassumes a randomhorizontal plantdistribution. Plantcentersof naturalregionsaremostoften describedby thePoissonprocess (Diggle, 1983; Whittaker, 1975) . Further,plantswith largediametersor situatedin densestandstendto overlapone another.Consequently, the meanvertically projectedcanopyareaperunit groundarea,or thefractionalcanopycover,m, is mathematically expressed aftertheprobability work by Kellerer (1983) ,or
whereAt is themeanverticallyprojectedcanopyareaof a singletree,andp is the spatial Poisson density or, p _ n/Ap.
where Ap is the unit area, in this case the area of the satellite pixel.
A final characteristic of the geometric model, necessary for remote sensing, is the parameterization of subpixel fractional ground shadow cast by the canopies in terms of their geometric shape, spatial density, and the solar zenith angle. It was previously shown (Jasinski, 1990) using Equation (6) that for any Poisson distributed plant, a parameterization of the subpixel ground shadow exists for satellite pixels greater than several tens of meters, or
wherem is thetotal fractional canopycoverin a givenpixel, gs is the total fractionalground shadowin a pixel,and11is a non-dimensional, solar-geometric similarity parameter defined as theratio of themeanshadowareacastby a singletree,As, to its meanprojectedcanopy areaor, Since the method will be applied mostly to natural or undisturbed regions, it is alsodesirableto incorporate the spatiallyrandomnatureof theplantcanopyin the formulation.
Thepresentapproach will follow themethodusedto parameterize subpixelshadows described above.The startingpoint is theequivalent definitionof thefrontal areadensity,
where Af is the mean frontal area of an individual plant or roughness element. 
Assuming a Poisson horizontal distribution within each pixel, the combination of (6), (7) and (12) where Ac is the total exposed (i.e. outside) surface area of the geometrically shaped canopy.
For consistency with Raupach's (1994) formulation for momentum roughness, the "singlesided" canopy area is defined as one-half the exposed surface area or Ac/2. Using the same approach as in Equations (10) through (13) in Section 3.1 above, the subpixel canopy area index parameterization becomes, 15) Expressions for N for variousgeometricshapes areprovidedin 
whereA --2k only whenN/v --4.
Equations (13) or (15) The physical interpretation of Figure 2 can be explained as follows: For sparse canopies, that is fractional covers less than about 0.20, the canopy area index increases roughly proportionally with increasing fractional cover, due to the behavior of In(1 -m) for small m. Physically, this is due to the fact that there is little overlap among the canopies at such low horizontal densities. However, for large fractional covers, it takes an increasingly greater number of trees for each additional unit of canopy area due to increasing overlap amongthedensetrees.Consequently, the canopyareaindex increases lessrapidly perunit increases in fractionalcoverat thishigherrange.
The useof theTable 1 in conjunctionwith Figure2 providesa mechanism, at least theoretically, to comparethecanopyareaindicesof differentlyshapedroughness elements.
Forinstance, roughness elements with a similarity shapeof N = 2 and cover density m --0.6 would theoretically possess the same canopy area index as roughness elements with a similarity shape of N *-10 and cover density m *-0.16.
In some cases, previous knowledge from the shadow analysis can be used in the estimation of v or N. For example, knowledge of r I and the solar zenith angle can provide the ratio D/H in order to estimate v or N.
Characterization of aerodynamic roughness of the Landes Forest
Approach
The (Jasinski, 1996) . The frequency distribution of fractional cover is shown in Figure 3 . The mean fractional cover of the total area was estimated to be 0.67 and the standard error was estimated at 0.056.
The leaf area index of only the tree canopy, LAIc, without including the bracken understory, was estimated to be approximately 2.3 based on measurements at one tower site (Gash et al., 1989) . Satellite-based measurements (Jasinski, 1996) for pixels within the 2.3 km 2 Lubbon region possessing nearly complete canopy cover (m -1) yielded a total leaf area index of both tree canopy and the bracken understory, or LAI, of about 3.1. Assuming the bracken typically possesses an LAI of about 1.0, the satellite estimates of total LAI are consistent with the LAIc value observed by Gash et al. (1989) .
Characterization of canopy geometric properties
The canopy geometric properties required for the analysis were based only on the maritime pine, since it dominates over three-fourths of the region. The majority of the maritime pine stands in the Lubbon area were fairly mature, ranging in size with an average total height of about 20 m and an average density of approximately 430 stems ha -1 (Gash et al., 1989) 
CombiningEquation (17) Table 2 .
Estimation of canopy area index
Continuing with the assumption of cones on a post, the value of N can be estimated using the formula in Table 1 , or,
Given N, Equation (15) is used to calculate the canopy area index for each pixel in the scene. The resulting frequency distribution over the entire scene is provided in Figure 4 .
The mean canopy area index is computed by first averaging over the fractional cover density in order to account for scaling effects, or
where t is the number of pixels, and mi is the fractional cover of an individual pixel. For the present case, the results yield A = 3.4 for the entire 2.3 km 2 area. Following the same reasoning, it can be shown that the mean frontal area index is k = 1.8 . Those values seemreasonable andareconsistent with analogousestimatesfor apine forest(e.g. Garratt, 1977) .
Application of Raupach's formulation to estimate of zo/h and do h for the Landes Forest
The roughness quantities, zo/h and do/h, theoretically can be estimated using A,
Equations
(3) through (5) This can be compared to the estimate obtained simply by applying the mean canopy area index (i.e. for A = 3.4 ) to Equations (3) and (5) Figure 5 passes between these points for zo/h. In fact, these points fall within the scatter of the data used to construct the original graph [Raupach, 1994] . The Raupach formulation for do/h on Figure 6 passes slightly above the Gash et al. (1986) 
Scale limitations
The scales to which the frontal and canopy area parameterizations are valid are difficult to quantify, although the following guidelines must be met. They apply where the spatial distribution of the vegetation cover is statistically homogeneous and of one general geometric shape at the subpixel level. Thus, the upper limit of the satellite pixel scale for which they are applicable is variable and site specific, highly dependent on the large-scale spatial distribution of a given vegetation type. The lower limit depends on the relative scale of the pixel as compared to the scale of the individual canopy frontal area, as it is necessary to insure a statistically significant number of canopies within the pixel. A suitable lower limit criterion that meets that objective is Ap/vAt >> 10.
6.
Conclusions
The theoretical parameterizations presented herein for the frontal and canopy area indices of random plants provide a mechanism for estimating local aerodynamic roughness over flat terrain, in terms of fractional vegetation cover observed from nadir-viewing satellite sensors.
The formulations, graphically displayed in Figure 2 
